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Effect of oxidative breakers on organic matter degradation, contaminant mobility and 
critical mineral release during shale-fracturing fluid interactions in the Marcellus Shale 
 
Shaun Donmoyer 
Production of oil and gas from organic-rich shale formations has become viable through 
advancements in multi-stage hydraulic fracturing. The decline of shale gas production after the 
initial days of fracturing operations coupled with falling oil and gas prices, has pushed industry 
operators to use new chemical additives as an attempt to increase hydrocarbon production. The 
implementation of highly reactive fracturing fluids that include strong oxidizing agents, pose as a 
potential solution to increase well productivity. Strong oxidizing chemicals commonly known in 
fracturing operations as breakers, are used to improve the viscosity of gel-based fluids after the 
proppant is transported into fracture zones of the target formation. These oxidizing agents have 
been observed to degrade the organic matter and unstable constituents of shale formations. 
However, fluid-rock interactions during this process have not been extensively investigated. The 
goal of this study was to investigate the fluid-rock interactions between Marcellus Shale and 
three solutions of oxidizing hydraulic fracturing fluid (HFF) at formation temperature. Three 
synthetic HFF solutions containing common oxidative breakers, ammonium persulfate, sodium 
bromate, and sodium hypochlorite were reacted for a 14-day period to mimic the shut-in period 
when fluid remains in contact with the reservoir rock during a fracturing operation. The chemical 
analysis focused on observing organic contaminant release, critical mineral mobility, 
mineralogy, and significant changes in ionic species. Results showed that individual oxidizing 
breakers controlled the type and amount of volatile organic compounds (VOCs) and semi-
volatile organic compounds (SVOCs) present in the control and shale reacted effluents. An 
abundance of halogenated organic compounds was observed in effluents with sodium bromate 
and sodium hypochlorite, and negligible amounts were associated with ammonium persulfate. 
Additionally, the transformation of VOCs was observed to occur between control and shale 
reacted effluents. Organic acids were present in variable amounts in all effluent samples. Results 
show an enhanced but variable dissolution of shale organic matter and other unstable 
constituents such as pyrite by each oxidative fluid. This oxidation of shale organic matter and 
constituents, stimulated the release of critical minerals such as metals and metalloids into 
solution. Additionally, shifts in major ions and XRD results indicated that carbonate mineral 
dissolution and barite precipitation occurred in all shale reacted effluents. Similarly, the 
precipitation of gypsum was observed to occur in samples where sulfate ions were abundant due 
to enhanced dissolution of pyrite. Halite precipitation occurred in one effluent sample containing 
sodium hypochlorite breaker. These results suggest that oxidizing agents in HFF may provide a 
means for enhanced hydrocarbon production through oxidative dissolution. However, the 
generation and transformation of VOCs, critical mineral release, and secondary mineral 
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Unconventional shale gas development via hydraulic fracturing has enabled the 
development of several large shale gas plays resulting in a significant increase in oil and gas 
production in the United States. Natural gas production from the Marcellus Shale in the 
Appalachian Basin has made a significant contribution towards meeting the current energy 
demands of the United States (Brantley et al., 2017, U.S. EIA, 2019). Hydraulic fracturing is the 
process of inducing fractures into “tight” reservoirs by the injection of fracturing fluids at high 
pressures to release trapped hydrocarbons into the wellbore. The fluids used during this process 
are often comprised of 95% water, 4% proppant and 1% additives. Although additives comprise 
only a tiny percentage of the overall fracturing fluid, volumes reaching 10 million gallons can 
result in 100,000 gallons of chemical additives (Barati and Liang, 2014). On average, large scale 
multistage hydraulic fracturing operations require 4.5 million gallons of injected freshwater to 
stimulate horizontal wells to achieve gas production at the Marcellus Shale’s economic level 
(Kondash et al., 2015, Mohammad-Pajooh et al., 2018). On average roughly 40% of this fluid 
returns to the surface upon completion and this fluid has a chemical signature distinctly different 
from the initially injected HFF (Strong et al., 2014, Hoelzer et al., 2016, Marcon et al., 2017). 
The chemistry of the produced fluids that return to the surface can be controlled by several 
parameters such as chemical additives in HFF, formation water, mineralogy, organic matter type 
and amount during shale-HFF interactions (Ziemkiewicz et al., 2015, Hoelzer et al., 2016, Strong 
et al., 2014). However, the true impact of these parameters on shale-HFF interactions, especially 
different chemical additives like oxidative breakers, are not well understood. Due to the large 
volumes of water used during hydraulic fracturing operations and the copious selection of 
industry additives, this warrants further investigation of reactions that ensue during hydraulic 
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fracturing fluid and formation rock interaction. Understanding these geochemical reactions is 
essential for understanding contaminant and trace metal release and increasing the efficacy of 
hydraulic fracturing operations. Knowledge of these reaction mechanisms may help tailor HFF 
composition specifically to accommodate the geologic factors such as variation in shale 
mineralogy, organic matter content and type in each well. Using this information, appropriate 
strategies can be developed to mitigate toxic compounds, improve well productivity, enable 
proper water re-use and recycling, and sequester critical metals released in produced waters. 
Hydraulic fracturing fluid compositions 
Hydraulic fracturing, also known as fracturing, is a hydrocarbon extraction process in 
which fluids are injected at high pressures into a rock formation to create fracture networks to 
increase permeability and allowing hydrocarbons to flow into the wellbore. Often, many wells 
can be placed on a single well pad that all deviate from a singular vertical well (Bazant et al., 
2014). The fluids used during these operations are a key component for the successful generation 
of hydrocarbons from a given well. Hydraulic fracturing fluid is designed to perform various 
functions over the entirety of an operation. This includes inducing fractures, successfully 
propping open and maintaining fracture networks and allowing hydrocarbons to flow into the 
well. In general, hydraulic fracturing fluid is comprised of 95% fresh water, 4% proppant and 1% 
additives (FracFocus.org). The water used during a hydraulic fracturing operation is usually 
locally sourced (rivers, lakes, streams etc.) and easily accessible.  At times recycled water from a 
previous fracturing operation is also utilized. The target rock formation that is fractured, often 
exhibits significant heterogeneity in hydrocarbon content, mineralogy and maturity within a 
basin. Such heterogeneity is accounted for in the proportion of water, additives and proppant 
used at a given well (Hoelzer et al., 2016). The additives that are used in the hydraulic fracturing 
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fluids serve a multitude of purposes and also control how these injected fluids react with the 
formation and promote effective hydrocarbon extraction.  
The suite of chemical additives in hydraulic fracturing fluid includes an acid to prevent 
mineral scaling in the wellbore, a gelling agent to transport proppant into the fracture networks, a 
breaker to control fluid viscosity and a friction reducer to allow immense fluid flow. Guar gum 
in both the linear and cross-linked varieties is the most common and widespread gelling agent 
used in the industry (Barati and Liang, 2014). The critical function of the gelling agent is to 
successfully transport a proppant into the fracture networks. Failure of this process reduces the 
permeability of the target rock and decreases the hydrocarbon production of a well. Currently, 
the most used proppant is 20/40 mesh sand which accounts for ~85% of the industry, However 
other proppants such as resin-coated sand, intermediate strength proppants, ceramic proppants 
and high strength proppants such as sintered bauxite and zirconium oxide are used (Economides 
et al., 1989, Montgomery et al., 2010). Proppant transport and placement are most successful 
with a highly viscous fluid and are least effective during the a “slickwater” operation. Slickwater 
fracturing fluids consist mainly of water with low polymer concentrations, primarily as friction 
reducers. They are implemented where there is concern that a viscous fracturing fluid may cause 
formation damage in tight unconventional reservoirs (Barati et al., 2009). High-velocity fluid 
flow is necessary for the successful placement of proppant during a slickwater operation or 
proppants will settle in the wellbore before reaching the fractures (Dayan et al., 2009). Other 
additives such as pH controllers, corrosion inhibitors, biocides, clay stabilizers and petroleum 
distillates have marginal composition but help to maintain the effectiveness of other additives. 
Typically, the laterally drilled section of the well is fractured in successional stages to account 
for extreme lengths of the horizontal leg of the well. Once fractures have been opened and 
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propagated in each stage, fracturing fluids remain in contact with the target formation during a 
shut-in period that can last several days to weeks.  After the shut-in phase, breakers are added to 
destabilize the polymer chains of the gelling agents to reduce viscosity to allow flowback of 
hydrocarbons from the fractures into the well. This must be accomplished by removing the fluid 
without moving the proppant pack or damaging the conductivity of the proppant pack (Dayan et 
al., 2009). 
The most commonly used breakers are oxidizing breakers that change the fluid to a less 
viscous state so it can flow to the well head as flowback or produced water (Barati and Liang, 
2014). Over 50% of operators report the use of an oxidizing breaker in their hydraulic fracturing 
fluid (Elsner and Hoelzer, 2016). Other common breakers include acids and the use of certain 
enzymes. In hydraulic fracturing operations that involve a cross-linked borate system, acids are 
commonly implemented as breakers (Sumner and Plate, 2019). Enzymes from the hemicellulose 
class such as cellulose, amylase and pectinase have been implemented as breakers during 
hydraulic fracturing operations (Montgomery, 2013, Barati and Liang, 2014). However, pH and 
temperature dependencies limit the use and effectiveness of acidic and enzymatic breakers 
during hydraulic fracturing operations (Barati and Liang, 2014).  
The commonly used oxidative breakers function by effectively breaking the backbone 
and side chains of polymer chains of gelling agents by cleaving acetyl linkages (Montgomery, 
2013). Strong oxidizers such as persulfates, form a free radical sulfate ion and oxygen at elevated 
temperatures that attach to the backbone of polymer and degrade it into its constitutive sugars 
(Montgomery, 2013). Subsequently, residual sugars may form insoluble precipitates limiting 
formation conductivity (Montgomery, 2013, Barati and Liang, 2014). Other oxidizers such as 
peroxides effectively work by the release of oxygen when in solution with water. The 
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effectiveness of peroxides as an oxidizer significantly decreases with exposure to elevated 
temperature (Hull et al., 2019). 
The use of highly oxidizing HFF via the addition of oxidizing breakers is becoming 
popular among drilling companies and researchers. Shale plays that are rich in organic matter, 
pyrite, and other minerals deposited in a reducing environment (anoxia) are highly susceptible to 
oxidation by the addition of oxidative fluids (You et al., 2018). Some researchers have observed 
that oxidative fluids such as hypochlorite and bromine can effectively remove organic matter in 
clay rocks (Anderson, 1961, Kuila et al., 2014). Additionally, researchers have posed a new 
prospect of enhanced oil and gas recovery in shale formations by altering pore structures via 
oxidation dissolution and organic matter degradation (Hull et al., 2019, Chen et al., 2017, You et 
al., 2017). Furthermore, the degradation of organic matter by oxidative transformation, may 
enhance the release of bound hydrocarbons in the shale matrix, increasing the productivity of 
wells. However, the mechanisms that drive these processes along with the consequences 
associated with oxidative fluids are poorly understood.  
Produced waters 
Produced water is the most massive stream generated by conventional and 
unconventional hydrocarbon exploration (Sharma et al., 2021). Approximately, 1.7-2.3 billion 
gallons of produced water are generated each day in the United States alone (Clark et al., 2009). 
The composition of produced waters varies significantly and causes complex environmental and 
economic concerns relating to waste water disposal, recycling, and treatment. Produced waters of 
unconventional hydrocarbon extraction techniques are the combination of returning HFF fluids 
and formation water. Formation water is the portion of produced water that originates within the 
source rock and its composition is controlled by the original source of water (connate marine vs. 
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non-marine) migration of the basinal fluids, the nature and degree of water-mineral-hydrocarbon 
interactions, water recharge, and processes such as evaporation and ultrafiltration (Sharma et al., 
2021). Flowback water, on the other hand, is the portion of produced water generated through oil 
and gas production. A large part of the produced water volume contains volumes of the initial 
injection fluid, especially during early production (Gregory et al., 2011). As the composition of 
injected fluid varies between wells, the composition of produced water is inherently altered 
(Orem et al., 2014). Heterogeneity exists in the type and composition of injection fluid along 
with changes in the formation rock and formation water at the basin scale. The variation of these 
factors makes it difficult to understand the signatures of produced waters. However, many 
studies suggest that produced waters exhibit signs of mineral precipitation and dissolution, the 
proliferation of inorganic and organic compounds, organo-metallic complexes and the presence 
of elevated dissolved inorganic and organic carbon (Sharma et al., 2021, Phan et al., 2020, 
Welch et al., 2020, Pilewski et al., 2019, Marcon et al., 2017, Harrison et al., 2017, Jew et al., 
2017). 
Produced waters are often characterized by high salinity, trace elements, metals, 
radioactive elements and inorganic and organic compounds (Phan et al., 2015, Marcon et al., 
2017, Cluff et al., 2014, Sharma et al., 2021, Welch et al., 2020). Organic compounds are of 
particular concern as certain compounds pose health and environmental hazards. Benzene, 
toluene, ethylbenzene, and xylene (BTEX) compounds are of particular concern and are 
currently regulated by the U.S Environmental Protection Agency. Research and published data 
show that these compounds specifically benzene, have been detected at elevated concentrations 
from produced waters (Ziemkiewicz and He, 2015). Research also shows a myriad of organic 
substances in produced water from shale gas operations such as polycyclic aromatic 
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hydrocarbons (PAH), heterocyclic compounds, alkyl phenols, aromatic amines, alkyl aromatics 
benzenes, alkyl biphenyls, long-chain fatty acids and aliphatic hydrocarbons (Orem et al., 2014). 
Similar studies observed produced and flowback waters from the Marcellus Shale to contain high 
levels of low molecular weight organic compounds (Zhu et al., 2015). Some researchers suggest 
that the origin of organic contaminants may be derived from organic additives in HFF or released 
from organic matter from the formation rock. These chemicals pose environmental and health 
hazards if disposed or treated improperly. This has resulted in approximately 46% of produced 
water being injected into non-commercial and commercial disposal wells (Guerra et al., 2011). 
The complex array of compounds and immense volumes of produced water generated by 
unconventional operations has warranted a better understanding of the processes that source 
inorganic and organic compounds in produced waters. Understanding produced water signatures 
may aid in developing unique HFF formulas and water treatment recommendations to mitigate 
risk of environmental contamination and health hazards. 
Marcellus Shale 
The Marcellus Shale formation is one of the largest shale gas plays in the United States 
(Rozell and Reaven, 2012). The Marcellus Shale is considered the most productive gas play in 
the world and advancements in multi-stage hydraulic fracturing have allowed the United States 
to significantly increase natural gas and oil production (U.S EIA, 2018). In 2019, the Energy 
Information Administration estimated natural gas and crude oil reserves in the Marcellus Shale 
were 139.4 trillion cubic feet (tcf) and 326 million barrels respectively (EIA, 2021). This 
formation has become one of the largest exploited shale plays in the United States and has 
enhanced the global energy industry. 
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The Marcellus Shale is a relatively thin (+/- 30m), black organic-rich formation that 
extends 124,000 km2 from New York to West Virginia (Rozell and Reaven, 2012). The 
Marcellus Shale is characterized as a carbonaceous silty shale with embedded pyrite, carbonate 
concretions and trace fossils (EIA, 2017). The lithology of this formation varies significantly 
across the basin but is dominantly comprised of quartz, feldspar, pyrite, calcite, dolomite and 
gypsum (EIA, 2017). Patterns of thermal maturity in the Marcellus Shale range from 0.5% Ro to 
greater than 3.5% Ro and generally increase in a southeastern direction across the Appalachian 
Basin. The significant variation in thermal maturity within the Marcellus Shale corresponds to 
the amount and type of hydrocarbons available within zones of the formation. Thermal maturity 
characteristics of the Marcellus Shale indicate zones of dry gas, wet gas, and oil across the basin. 
However, a majority of the producing zones are in the dry gas window (Zagorski et al., 2017). 
Hotspot areas of significant hydrocarbon potential and production occur approximately southeast 
of the 1% Ro equivalent maturity contour in regions of western Pennsylvania, northern West 
Virginia, eastern Ohio and southern New York (Zagorski et al. 2017).  
The Marcellus Shale is composed of type II and type III kerogen sourced from terrestrial 
and marine inputs (Agrawal et al., 2017). Kerogen, the fraction of organic matter responsible for 
hydrocarbon production, is crucial within the Marcellus Shale. Kerogen was characterized across 
a maturity sequence within the Marcellus (Agrawal et al., 2017). Marcellus samples of lower 
maturity show an aliphatic kerogen structure with a high percentage of liable functional groups, 
while more mature samples show an aromatic kerogen structure. The structure of kerogen 
controls the reactivity and adsorption capacity, and for instance, a higher aromatic structure is 
associated with larger pore structure and larger surface area for adsorption (Song et al., 2018, 
Agrawal et al., 2018). However, the interaction of kerogen with HFF is still poorly understood. 
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Understanding the changes to the chemical and physical properties of kerogen during fluid-rock 
interaction of a fracking operation may provide important insight to enhanced oil and gas 
recovery and mobility of trace metals associated with kerogen. 
Previous experimental studies 
Several bench top laboratory experimental studies have investigated the complex 
reactions between the injected fluid and formation rock at reservoir conditions. The mineralogic 
composition of the shale in the presence of HFF has been shown to regulate pH and influence 
inorganic species in produced waters (Pilewski et al., 2019, Marcon et al., 2017, Wilke et al., 
2015). Commonly, carbonate minerals provide buffering capacity, and minerals such as pyrite 
are sources of sulfate ions in solution. Changes in pH and influx of ions into solution can cause 
mineral precipitation and dissolution. Several studies have observed the direct dissolution and 
precipitation of minerals such as calcite, pyrite, barite and gypsum (Pilewski et al., 2019, 
Harrison et al., 2017, Marcon et al., 2017, Dustin et al., 2018). Iron-bearing mineral precipitates 
have been observed during fluid-rock interactions mainly by oxidation from HFF (Jew et al., 
2018). In addition, carbonate mineral dissolution and barite precipitation were observed through 
a series of reactions that included acidic and repurposed hydraulic fracturing fluids (Vankeuren 
et al. 2017). Mineral precipitation and dissolution reactions are important to consider for 
extending the life and efficacy of unconventional wells. Mineral scaling is a common issue that 
can degrade well equipment through corrosion and prevent adequate fluid flow. 
Recent studies show that at the laboratory scale, fluid-rock interactions produce low 
molecular weight organic compounds similar to those of produced fluids from field studies 
(Ziemkiewicz et al., 2015, Pilewski et al., 2019, Marcon et al., 2017). In addition to this 
observation, a decrease in dissolved organic carbon is often associated with the proliferation of 
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volatile organic compounds. The maturity of the source rock is important to consider when 
determining the source of organic compounds. Pilewski et al 2019, demonstrated that lower 
maturity shale samples produce higher concentrations of low molecular weight organic 
compounds than mature and overmature shale samples. This is because lower maturity shales 
contain higher concentrations of liable organic compounds that can become solubilized into 
solution during HFF interaction. More mature shale is characterized by organic material of an 
aromatic structure that presents the opportunity for solubilized organic compounds to become 
adsorbed, therefore decreasing DOC concentrations of produced fluids (Pilewski et al., 2019). 
Recently, studies have focused on the role of specific additives in HFF and their 
influence on fluid-rock interactions. Oxidative breakers are of particular interest because they 
can promote oxidation reactions within the naturally reduced environments that characterize 
organic rich shale plays. Strong oxidizers influence the redox potential of injection fluid and can 
potentially control chemical reaction rates in the subsurface. Studies have shown the potential for 
oxidative fluids to produce additional porosity and permeability through oxidative dissolution of 
mineral phases and organic matter in shale formations by the addition of various breakers (Hull 
et all., 2019, You et al., 2017, Li et al., 2020). Data provided in these studies suggests that a 
reactive oxidizing fluid may provide a means for improving well efficacy through increased flow 
paths of organic-rich shales. Li et al., 2020, provided promising results by demonstrating the 
removal efficiency of organic matter through the addition of oxidants hydrogen peroxide, sodium 
hypochlorite, and sodium persulfate to be 11%, 75%, and 29%, respectively.  Additionally, the 
structural characteristics of kerogen have been known to affect fracture behavior during 
fracturing operations and their interaction with oxidative fluids should be considered. Hull et al., 
2019, found that kerogen degradation over a 20h period for a suite of various shale samples with 
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the oxidant sodium bromate was 81.3% on average. Previous studies involving oxidative 
breakers have primarily focused on the porosity changes generated by oxidative dissolution. 
However, these studies lack the understanding of other organic and inorganic contamination 
caused by oxidative breakers.  
Additionally, many of these studies utilize pure solutions of HFF additives without 
adding other chemical additives; therefore, the actual reaction mechanisms cannot be predicted. 
Generally, common oxidants used in industry contain halide elements that may promote the 
transformation of organic compounds (Sumner et al., 2019). Similarly, the release of metals and 
critical minerals into solution by oxidative solutions has not been studied. A few studies have 
shown how common acid and oxidizing additives in HFF can influence metal leaching from 
shale (Tasker et al., 2016, Bank et al., 2010, Wang et al., 2015). We hypothesize that many of the 
major geochemical reactions during fluid-rock interactions will be influenced to various extents 
by different oxidative breakers. Overall, the objective of this study was to investigate the impact 
of commonly used oxidative breakers in HFF on release of organic contaminants, changes in 
major ion chemistry, and critical minerals during shale gas stimulation. The research herein will 
contribute to the growing knowledge of the complex chemical reactions that occur in the 
subsurface during hydraulic fracturing operations. This research will also help in developing 







1.1 Format of thesis: 
 Chapter 1 of this thesis comprises of the literature review done in preparation of this 
study and for manuscript development. Chapter 2 of this thesis contains a manuscript version of 
this thesis for potential submissions to a scientific journal for publication. The final chapter, is a 
summary of the final conclusions of this thesis. 
2.0 Effect of oxidative breakers on organic matter degradation, contaminant mobility and 
critical mineral release during shale-fracturing fluid interactions in the Marcellus Shale 
Abstract 
In recent years, the challenges associated with effective unconventional shale gas 
production and decline in oil and gas prices, has urged industry operations to use chemical 
additives in non-traditional manners in an attempt to increase hydrocarbon production. Shale 
treatment via oxidative dissolution has proven to enhance formation porosity and permeability. 
However, these fluid-rock interactions have not been extensively studied. In this study, three 
synthetic oxidizing hydraulic fracturing fluid (HFF) solutions were created using common 
industry oxidative breakers: ammonium persulfate, sodium bromate, and sodium hypochlorite. 
Using batch reactors, the oxidizing HFF solutions were reacted with a Marcellus Shale sample 
for the duration of a typical shut-in period of two weeks. To identify geochemical processes 
influenced by oxidative breakers, we focused analyses on the presence of organic compounds, 
critical minerals (metals and metalloids), mineralogy, and major ion chemistry. Results showed 
that individual oxidizing breakers controlled the type and amount of volatile organic compounds 
(VOCs) and semi-volatile organic compounds (SVOCs) present in the control and shale reacted 
effluents. An abundance of halogenated organic compounds was observed in effluents with 
sodium bromate and sodium hypochlorite, and negligible amounts were associated with 
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ammonium persulfate. Additionally, the transformation of VOCs was observed both in control 
and shale reacted effluents. Organic acids were present in variable amounts in all effluent 
samples. Results show an enhanced but variable dissolution of shale organic matter and other 
unstable constituents such as pyrite by each oxidative fluid. This oxidation of shale organic 
matter and constituents stimulated the release of critical minerals into solution. Additionally, 
shifts in major ions and XRD results indicated that carbonate mineral dissolution and barite 
precipitation occurred in all shale reacted effluents. Similarly, gypsum precipitation was 
observed to occur in samples where sulfate ions were abundant due to enhanced dissolution of 
pyrite. Halite precipitation occurred in one effluent sample. These results suggest that oxidizing 
agents in HFF may provide a means for enhanced hydrocarbon production through oxidative 
dissolution; however, the generation and transformation of VOCs, critical minerals, and 
secondary mineral dissolution and precipitation should be considered.  
2.1 Introduction: 
Hydraulic fracturing is an advanced hydrocarbon extraction technique that has allowed 
oil and gas operators to efficiently and effectively tap deep organic-rich shale reservoirs once 
deemed inaccessible. In recent years, controversy has developed around large scale multistage 
hydraulic fracturing operations that require injection of on average 4.5 million gallons of 
freshwater to stimulate horizontal wells to achieve gas production at the economic level in shale 
plays like the Marcellus Shale (Mohammad-Pajooh et al., 2018). There are widespread concerns 
centered around the usage of freshwater resources, effects of chemical additives used in 
hydraulic fracturing fluid (HFF), and contamination of water and air in areas of intense hydraulic 
fracturing. Studies have shown that hydraulic fracturing operations have been associated with 
groundwater and surface water contamination, wastewater spill incidents, ecological degradation 
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and socio-economic impacts (Brantley et al., 2014, U.S Environmental Protection Agency 2016, 
Entrekin et al. 2011, Vengosh et al. 2014, Woda et al. 2019, Llewllyn et al. 2015). However, 
with current oil and gas prices on the decline, the industry has been pushed to use new chemical 
additives such as strong oxidizers at in attempt to increase well efficiency and hydrocarbon 
production. Little research has been conducted on the adverse effects of chemical additives in 
non-traditional manners. More recently, the concern is centered on reusing and managing 
produced waters resulting from hydraulic fracturing operations. Currently, produced water is the 
most massive waste stream generated by unconventional hydrocarbon exploration (Sharma et al., 
2021). Issues surrounding produced waters from unconventional operations provide unique 
challenges to properly handle the myriad of inorganic and organic contaminants observed in 
produced fluids. Conducting laboratory-scale experiments that include common additives in HFF 
will better understand the reactions that ensue between HFF and the target rock formation.  
HFF is generally comprised of 95% water, 4% proppant, and 1% chemical additives 
(FracFocus.org). Chemical additives are a small component of HFF but are a vital component to 
the success and productivity of fracturing operations. Additives are selected to produce a high-
performance fluid while maintaining the integrity of the wellbore. Common additives include an 
acid to prevent mineral scaling in the wellbore, a gelling agent to transport proppant into the 
fracture networks, a breaker to control fluid viscosity and a friction reducer to allow immense 
fluid flow (Elsner and Hoelzer, 2016). Other additives such as pH controllers, corrosion 
inhibitors, biocides, clay stabilizers and petroleum distillates have marginal composition but help 
to maintain the effectiveness of other additives (Barati and Liang, 2014). During the hydraulic 
fracturing process, chemical additives are added at specific times to initiate a suite of interactions 
within the reservoir during the shut-in period. Typically, the horizontally drilled section of the 
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well is fractured in successional stages to account for the extreme lateral extent of the well. Once 
fractures have been opened and propagated in each stage, fracturing fluids remains in contact 
with the target formation during this shut-in period that can last several days to weeks.  After a 
calculated period of time, breakers become activated to destabilize the polymer chains of the 
gelling agents to reduce viscosity to allow flowback of hydrocarbons from the fractures into the 
well. Reactions that can occur during this time include mineral dissolution and precipitation, 
organo-metallic complex formation, halogenation, organic matter degradation and organic and 
inorganic ion adsorption from clay mater (Marcon et al.,2017, Pilewski et al., 2019). These 
reactions affect well permeability, porosity, overall hydrocarbon production, produced water 
composition and contaminant release. Specifically, breakers promote several significant 
reactions in the subsurface because the constituents of shale formations such as organic matter, 
pyrite and other minerals are reduced in nature and are highly susceptible to oxidation by 
breakers (You et al., 2018).  
Extensive laboratory studies have provided insight into the complex geochemical 
reactions that occur during fluids-shale interactions (Jew et al., 2017, Marcon et al., 2017, 
Pilewski et al., 2019, Harrison et al., 2017, Vankeuren et al., 2017). Studies have shown that 
major geochemical reactions are primarily influenced by shale mineralogy and fluid chemistry. 
Often, carbonate and iron bearing mineral dissolution and secondary mineral precipitation are 
evident (Jew et al., 2017, Marcon et al., 2017). Additionally, metal and trace element mobility 
has been observed (Harrison et al., 2017). Few studies have even demonstrated chemical additive 
degradation and transformation (Sumner et al., 2019, Tasker et al., 2016). Recently, studies 
investigating oxidative shale-fluid reactions have gained traction as strong oxidizing agents 
provide the potential to enhance hydrocarbon production. Studies have shown the potential for 
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oxidative fluids to produce additional porosity and permeability through oxidative dissolution of 
mineral phases and organic matter in shale formations by adding various breakers (Hull et al., 
2019, You et al., 2018, Li et al., 2020). Li et al., 2020, provided promising results by 
demonstrating the removal efficiency of organic matter through the addition of oxidants 
hydrogen peroxide, sodium hypochlorite, and sodium persulfate to be 11%, 75%, and 29%, 
respectively. Additionally, Hull et al., 2019 demonstrated kerogen degradation up to 79% by 
ammonium persulfate and sodium bromate and concluded the chemio-physical characteristics of 
kerogen are altered during their interaction.  
Similarly, a microscopy study by You et al., 2018 observed increased interconnectivity of 
pore networks in shale samples by oxidative treatment. Data provided in these studies suggests 
that a reactive oxidizing fluid may provide a means for improving well efficacy through 
increased flow paths of organic rich shales. The results of these studies are promising, but 
because pure solutions of oxidizing agents were utilized, the true reactions of oxidizing agents in 
mixed HFF cannot be predicted. Additionally, these studies did not investigate the organic 
contaminants that may be generated by oxidative breakers through organic matter degradation, 
potential for enhanced trace element release, or transformation of chemical additives in HFF.  
Here we investigate the fluid-rock interactions that occur between shale and different 
simulated oxidative hydraulic fracturing fluids using a series of batch reactor experiments. 
Marcellus Shale is chosen for this study because of its extensive use in previous shale-fluid 
experiments, distinct mineralogical composition and high TOC content. Three oxidative HFF’s 
were synthesized using common oxidative breakers ammonium persulfate, sodium bromate and 
sodium hypochlorite. The objectives of this study were to: (1) determine organic contaminants 
present in control HFF and produced fluids reacted with shale samples, (2) identify inorganic 
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species and trace metals released during reactions, (3) evaluate organic matter degradation of 
shale samples and (4) investigate mineralogy changes of shale samples reacted with oxidative 
fluids. Determining contaminant release and evolution of fluid composition is vital for mitigating 
environmental impacts while understanding how oxidative fluids may influence reactions in the 
subsurface. This work will provide insight into how oxidative breakers may be deployed in a 
non-traditional manner in fracturing operations of shale formations in an environmentally 
responsible manner.  
2.2 Materials and Methodology: 
Fluid shale batch reactions were conducted at formation temperatures (~100ºC) to mimic 
the in-situ reactions between hydraulic fracturing fluid and the shale formation during the initial 
shut-in phase of a fracking operation. The experimental set-up and all the analyses conducted are 
discussed below.  
Sampling and preparation: 
All reactions were conducted using the LM-1 shale sample from Wetzel County, West 
Virginia. This sample is from a core depth of approximately 7,367 feet, has a relatively high total 
organic carbon content of 8.69%, and is thermally mature (1.61 R0 %). The LM1 shale sample 
was chosen as it is likely to contain a more significant amount of purgeable organics. Before 
reaction with hydraulic fracturing fluid, the shale sample was rinsed with deionized water to 
remove drilling fluids and crushed to 100 mesh using a mortar and pestle to increase surface area 
during the reactions. Shale chips ranging in size from 1cm-5cm were also broken from the 
original core and used in the reactions. 
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The fluid used during reactions is a mixture of synthetic formation brine and synthetic 
hydraulic fracturing fluid (Table 1). The mixture of formation brine and fracturing fluid was 
prepared using the methods reported in Paukert Vankeuren et al., 2017. Proprietary chemicals 
used in previous studies that are no longer available were replaced with respective ingredients. 
These included a gelling agent WGA-15L, a clay stabilizer WCS-631LC, a friction reducer 
WFR-61LA, and a corrosion inhibitor WAI-251LC. Substitutes for these were based upon 
MSDS sheet data and common chemicals used in the same region for the same purposes as 
reported by FracFocus data. Petroleum distillates were used in place of the proprietary gelling 
agent and friction reducer, choline chloride replaced the proprietary clay stabilizer, and 
cinnamaldehyde replaced the proprietary corrosion inhibitor. Three different hydraulic fracturing 
fluid mixtures were created that included a different oxidizing breaker in each mixture. The three 
oxidizing breakers that were varied in each mixture were ammonium persulfate, sodium bromate 
and sodium hypochlorite. These breakers were chosen based on their frequency reported by 
FracFocus and by their proven oxidizing strength in previous studies. The concentrations of these 
breakers in each mixture were based on data provided by FracFocus.org and from previous 
studies (Hull et al., 2019, Li et al., 2018). The concentration of ammonium persulfate, sodium 
bromate and sodium hypochlorite in each oxidative fluid were 0.1 wt/v%, 4 wt/v% (0.26M) and 








Table 1: Composition of the synthetic HFF and brine used during reactions. *Denotes the 
oxidative breaker that was altered between control fluids. 
Chemical Name Amount Purpose 











Petroleum distillates 1.149 (ml) Friction Reducer 
Choline Chloride 1.06 (g) Clay Stabilizer 
Glutaraldehyde 0.343 (ml) Biocide 
Potassium Hydroxide 0.0357 (ml) pH controller 
Potassium Carbonate 0.24 (g) pH controller 
Ethylene Glycol 0.0222 (ml) Scale Inhibitor 
Citric Acid 0.0336 (g) Iron Control 
Boric Acid 0.02 (g) Cross Linker 
Ethanolamine 0.0138 (ml) Cross Linker 
Cinnamaldehyde 0.0012 (ml) Corrosion 
Inhibitor 
Barium Chloride Dihydrate 0.464 (g) Brine Component 
Potassium Chloride 0.4162 (g) pH controller 
Strontium Chloride 
Hexahydrate 
1.3597 (g) Brine Component 
Ammonium Chloride 0.16 (g) Brine Component 
Sodium Bromide 0.18 (g) Brine Component 
Calcium Chloride Dehydrate 7.4 (g) Brine Component 
Magnesium Chloride 
Sesquihydrate 
1.9 (g) Brine Component 
Sodium Chloride 16.7 (g) Brine Component 
Sodium Sulfate 0.000293 (g) Brine Component 
Sodium Bicarbonate 0.15 (g) Brine Component 
 
Experiments were conducted using 500mL borosilicate glass serum bottles. The bottles 
were sealed using butyl-rubber stoppers and aluminum crimp seals. The bottles, butyl-rubber 
stoppers, and aluminum crimp seals were washed and rinsed to eliminate trace organics and 
contaminants. The bottles were filled with a fixed 20:1 ratio of HFF following shale procedures 
reported by similar studies (Pilewski et al., 2019, Marcon et al., 2017, Dustin et al., 2018). The 
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fixed 20:1 HFF to shale ratio comprises 19g of powered shale, 1g of shale chips, and 400mL of 
synthetic HFF. The HFF:shale and ratio was chosen to best replicate reservoir conditions while 
optimizing an appropriate amount of fluid required for sampling. Reactors that contained shale 
were each reacted with the 3 oxidative fluids previously prepared. Oxidative HFF’s were also 
reacted with the absence of shale to provide a control for reactions that may occur within the 
HFF. Reactions were conducted for a 14-day period at 100 ºC and constantly stirred.  
Table 2: Sample abbreviations of control and shale reacted effluents. 
Sample Nomenclature Meaning 
AMPC Ammonium persulfate control HFF 
SBC Sodium Bromate control HFF 
SHC Sodium Hypochlorite control HFF 
AMP-LM1 Ammonium persulfate HFF reacted with LM1 shale 
SB-LM1 Sodium Bromate HFF reacted with LM1 shale 




Fluid properties, including pH and oxidation-reduction potential (ORP) of each fracturing 
fluid, were measured before and upon completion of reaction with shale samples. A YSI 
Professional Plus handheld device was used to measure the fluid parameters. Before pH 
sampling, the pH probe was calibrated using a pH-4 and pH-7 buffer to ensure accurate readings. 
Before ORP measurements, the ORP probe was calibrated using a Zoebell solution. The pH and 
ORP probe’s accuracies were ± 0.1 and ±0.5 mV, respectively. Sampling was conducted using 
15mL aliquots of unreacted and reacted fracturing fluids. The pH and oxidation reduction 
potential (ORP) of unreacted fracturing fluids were sampled upon the synthesis of each fluid and 
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were measured immediately upon completion of reactions to warrant any changes in fluid 
chemistry.  
Fluid Sample Collection 
Upon completion of the 14-day in situ shale-HFF reactions, fluid samples were collected 
for ion chromatography (IC), inductively coupled plasma optical emissions spectrometry (ICP-
OES) and mass spectrometry (ICP-MS), volatile organic compounds (VOC), non-purgeable 
organic carbon (NPOC) and dissolved inorganic carbon (DIC) analysis.  
Samples collected for IC and ICP-MS analysis were collected using a high-density 
polyethylene Leur-Lock syringe in pre-cleaned 15mL polyethylene vials with minimum 
headspace. IC and ICP-MS samples were filtered before the analysis via a 0.22um and 0.45um 
Whatman syringe filter attachment respectively. ICP-MS samples were also acidified using 6N 
nitric acid as 1 wt% of the total volume of the collected sample. IC analysis was conducted at the 
National Energy Technology Laboratory (NETL) Brine Chemistry Laboratory in Pittsburgh 
Pennsylvania on a ThermoFisher ICS-5000+ with AS11-HC column for anion and CS16 column 
for cation quantification. ICP-MS was conducted at the NETL Pittsburgh Analytical Laboratory 
(PAL) facility using a Perkin Elmer Nexion 300D instrument. Separate effluents were taken from 
each ICP-MS sample and analyzed at the PAL via ICP-OES for Ba, Ca, Na, Sr and Zn using a 
Perkin Elmer DV 7300. 
Samples for NPOC and DIC were analyzed at the NETL Pittsburgh Environmental 
Geochemistry facility via a Shimadzu Total Organic Carbon/Total Inorganic Carbon analyzer. 
Samples collected for this analysis were not filtered and placed into 50mL pre-cleaned glass vials 
and chilled to 4◦C until analysis. 
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Aliquots for VOC were sampled using a polyethylene Leur-Lock syringe and placed into 
40mL volatile organic analysis amber vials acidified with HCl to preserve analytes. Samples 
were immediately placed onto ice and transported to PACE analytical Morgantown and analyzed 
within 24hours of collection. VOC samples were analyzed following procedures of the EPA 
8260B method. This method introduces VOC’s into a gas chromatograph via a purge and trap 
method. Analytes are directly eluted from the aqueous sample and directly introduced to a 
capillary column before being flashed evaporated into the gas chromatograph mass spectrometer 
for quantification. VOC analysis was conducted using an Agilent Technologies 7890 gas 
chromatograph (GC) coupled with an Agilent Technologies 5975 Triple Axis mass selective 
detector (MSD).  
Samples for polycyclic aromatic hydrocarbons (PAH) were sampled using a polyethylene 
Leur-Lock syringe into 100mL amber glass vials. Samples were immediately placed onto ice and 
transported to PACE analytical Morgantown and analyzed with 24hours of collection. PAH 
samples were analyzed in accordance with the EPA 8270D method. PAH analysis was conducted 
using an Agilent Technologies 7890 gas chromatograph (GC) coupled with an Agilent 
Technologies 5975 Triple Axis mass selective detector (MSD). 
XRD 
Mineral composition analysis via X-Ray diffraction (XRD) was performed on powdered 
shale samples prior to and upon completion of reactions. Shale samples were first powdered to 
400 mesh using a mortar and pestle. Shale samples that were reacted with HFF were oven dried 
prior to XRD analysis. Approximately 3g of shale sample was mixed with fluorspar to a 90:10 
weight basis and mixed via a SPEX industry Mill for 10 minutes. The x-ray intensity of the 
standard spike was used as a reference to determine the shale content. XRD data were collected 
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using a Siemens D500 computer-automated diffractometer using Bragg-Brentano geometry. Cu 
radiation was produced at a power of 45kV and 30 mA and the diffracted beam was collimated 
by a 0.05 slit. Data were collected in the 2θ range of 4.9°–66.1° with a step size of 0.015° and a 
dwell time of 1 sec/step using a Ketek Vitus H150 high-resolution silicon drift detector with an 
Amptek PX5 pulse processor. Proprietary Bruker AXS software Diffrac Plus EVA was used for 
qualitative analysis of the XRD patterns. The International Center for Diffraction Data database 
was utilized for pattern matching. The whole pattern fitting function of Diffrac Plus Topas R was 
used for quantitative phase analysis based on the Inorganic Crystal Structure Database reference. 
XRD analysis was conducted at Pittsburgh Mineral and Environmental Technology (PMET) 
laboratory in New Brighton PA. 
Shale total organic carbon (TOC) 
Upon completion of the HFF-shale reactions, shale samples were analyzed for changes in 
TOC content. Shale samples were collected from the reactors by filtering out any remaining 
HFF. The shale was then oven dried at 50 ºC overnight. Approximately 200mg of each reacted 
shale were placed into 5mL borosilicate vials and saturated with 1M HCl acid to remove the 
remaining carbonate minerals. The vials were vortexed using a Scientific Industries Vortex 
Genie 2 for a 3-minute period and were left saturated for a 24-hour period. The HCl acid was 
decanted from the vials and was re-filled with additional HCl acid until effervesce from the shale 
samples was not observed. This step was repeated as necessary. The remaining acid was 
decanted, and the vials were filled and rinsed with deionized water to neutralize the shale. The 
vials were placed into a Beckman Coulter Allegra X-22 Centrifuge at 3000rpm for a 3-minute 
period to settle the shale samples between each decanting step, repeated 6-7 times until fully 
neutralized. The decarbonized shale samples were oven-dried at 50 ºC until analysis. TOC 
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analysis was conducted on a Costech ECS 4010 combustion elemental analyzer (EA), coupled to 
a Delta Advantage isotope ratio mass spectrometer via a ConFlo IV interface in the IsoBioGeM 
laboratory at West Virginia University.  
2.3 Results 
Aqueous Organic Chemistry 
The VOCs were observed in each oxidative control fluid after subjection to temperatures, 
mimicking reservoir conditions. The number of organic compounds observed in the control 
fluids was 10 in AMPc, 14 in SBc, and 24 SHc (Figure 1). The highest concentration of VOCs 
in the control samples was observed in AMPc (100,020 ug/l), followed by SBc (96,511 ug/l) and 
SHc (15,799 ug/l). The majority of the VOCs identified were lower (<600 ug/l) among control 
fluids, however, VOCs such as acetone, bromodichloromethane, bromoform, carbon disulfide, 
chloroform, and 2-butanone (MEK) were ubiquitous in all the control fluids. These compounds 
ranged in concentration from 1,000-100,000 ug/l (Figure 1 and Table S1). BTEX compounds 
were not detected in SBc and SHc and benzene was detected with a minimal concentration of 
0.172 ug/l in AMPc. Additionally, non-halogenated organic compounds were dominantly present 
in AMPc while halogenated organic compounds comprised a majority of the total VOC 
concentration in SBc and SHc. 
In the shale-oxidative fluid reactions, a myriad of organic compounds were also 
identified in effluents. Total VOC concentrations were 7880 ug/l in AMP-LM1, 121,822 ug/l in 
SB-LM1 and 35,071 ug/l in SH-LM1 (Figure 2). With respect to the control fluids, total VOC 
concentrations significantly decreased by 92% in AMP-LM1 but total VOC concentrations 
increased 26% in SB-LM1 and 122% in SH-LM1. The number of organic compounds detected 
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in effluents reacted with LM1 shale were 15 in AMP-LM1, 13 in SB-LM1 and 30 in SH-LM1 
(Figure 1 and Table S2). Similar to the control fluids, several organic compounds were 
ubiquitous in shale-reacted effluents. These compounds include, acetone, benzene, carbon 
disulfide, chloroethane, 2-butanone (MEK), and methylene chloride. Correspondingly, non-
halogenated organic compounds were abundantly present in AMP-LM1 while halogenated 
organic compounds mainly comprised SB-LM1 and SH-LM1. SB-LM1 had high observable 
concentrations (mean 25,000 ug/l) of organobromides while SH-LM1 had abundant but 
relatively low concentrations (<228 ug/l) of chlorinated organic compounds with the exception 
of chlorodibromomethane that had a peak concentration of 13,200 ug/l. The highest BTEX 
concentrations were observed in SH-LM1 (68 ug/l), followed by AMP-LM1 (14 ug/l), and SB-
LM1 (9 ug/l). 
A total of 19 SVOCs in the form of polycyclic aromatic hydrocarbons (PAHs) were 
analyzed in effluent samples and measured at levels above the method detection limit (MDL) 
(Table S3). PAH concentrations were detected at low concentrations in 3 effluent samples. 1-
methylnapthalene was measured at 0.0265 ug/l in SBc and 0.0311 ug/l in SHc. AMP-LM1 was 
the only shale reacted effluent to contain measurable PAHs and contained 0.0252 ug/l Chrysene 
and 0.0141 ug/l Fluoranthene. 
Effluent samples contained six observable organic acids: acetate, propionate, formate, 
butyrate, succinate and oxalate. Total organic acid concentrations ranged from 36.1 mg/l to 57.8 
mg/l in the control fluids and 25.8mg/l to 136.6 mg/l in the shale reacted effluents. In 
comparison to the control fluids, organic acid concentrations increased in shale reacted effluents 
SB-LM1 and SH-LM1 and decreased in AMP-LM1 (Figure 3). AMPc contained 7.27 mg/l 
acetate, 8.39 mg/l formate, 40.183 mg/l succinate and 2.042 mg/l oxalate. SBc contained 6.26 
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mg/l acetate, 4.15 mg/l propionate, 9.17 mg/l formate, 4.03 mg/l butyrate, 19.904 mg/l succinate 
and 11.041 mg/l oxalate. SHc contained 8.09 mg/l acetate, 4.13 mg/l propionate, 6.03 mg/l 
formate, 3.99 mg/l butyrate and 13.874 mg/l succinate. AMP-LM1 decreased in total organic 
acid concentration by 55% as compared to the control sample and contained 5.28 mg/l acetate, 
4.09 mg/l propionate, 8.65 mg/l formate, 5.169 mg/l succinate and 2.623 mg/l oxalate. SB-LM1 
increased in total organic acid concentration by 62% (compared to control sample SBc) and 
contained 27.22 mg/l acetate, 6.23 mg/l propionate, 8.16 mg/l formate, 4.78 mg/l butyrate, 
10.498 mg/l succinate and 31.364 mg/l oxalate. LM1-SH significantly increased 278% in total 
organic acid concentration and contained 61.34 mg/l acetate, 6.63 mg/l propionate, 27.64 mg/l 
formate, 4.61 mg/l butyrate, 16.208 mg/l succinate and 20.119 mg/l oxalate (Table 3). 
 
Table 3: Organic acid concentrations in control and shale reacted effluents. *ND – Not Detected 
 
Acetate Propionate Formate Butyrate Succinate Oxalate Total  
mg/L mg/L mg/L mg/L mg/L mg/L mg/l 
AMPc 7.27 ND 8.39 ND 40.183 2.042 57.885 
SBc 6.26 4.15 9.17 4.03 19.904 11.041 54.555 
SHc 8.09 4.13 6.03 3.99 13.874 ND 36.114 
AMP-LM1 5.28 4.09 8.65 ND 5.169 2.623 25.812 
SB-LM1 27.22 6.23 8.16 4.78 10.498 31.364 88.252 
SH-LM1 61.34 6.63 27.64 4.61 16.208 20.119 136.547 
 
Dissolved organic carbon (DOC) was represented as non-purgeable organic carbon 
(NPOC). NPOC concentrations varied from 185 to 459 mg/l and decreased in shale reacted 
effluents except for SH-LM1 (Figure 3 and Table 4). NPOC was measured at 316.1 mg/l in 
AMPc, 297.7 mg/l in SBc, 185.0 mg/l in SHc, 277.0 mg/l in AMP-LM1, 284.6 mg/l in SB-LM1, 
and 458.9 mg/l in SH-LM1. TOC analysis of the original shale sample LM1 was measured at 
27 
 
8.69 ± 0.09%. The TOC of reacted shale samples was measured to be 9.06 ± 0.09% in AMP-
LM1, 8.67 ± 0.09% in SB-LM1 and 5.59 ± 0.06% in SH-LM1. 
Solid shale TOC analysis shows that unreacted LM1 shale consists of 8.69 wt.% carbon. 
The solid shale TOC of LM1 was observed to vary after reaction with each oxidative HFF 
solution. The solid shale TOC of LM1 shale increased to 9.06 wt.% in AMP-LM1 but decreased 




Table 4: TOC (% C) content of the reacted shale samples and NPOC concentrations (mg/l).  
 AMPc SBc SHc AMP-LM1 SB-LM1 SH-LM1 
NPOC 316.1 297.7 185.0 277.0 284.6 458.9 
TOC - - - 9.06 ± 0.09 8.67 ± 
0.09 




Elemental analysis (ICP-MS and ICP-OES) shows an abundance of critical minerals 
(metals and metalloids) in the control fluids and shale reacted effluents (Table S4). The critical 
mineral distribution varied significantly across effluents samples. Elements observed in trace 
amounts in this study include Li, B, Al, Ti, V, Cr, Mn, Fe, Co, Cu, As, Se, Mo, Ag, Cd, Sb, Tl, 
Pb, U, and Zn. Trace metal concentrations in the control fluids were 589.2 ug/l in AMPc, 1185.6 
ug/l in SBc, and 478.7 ug/l in SHc. In the control fluids, the most abundant critical minerals were 
Se and Zn with concentrations >300 ug/l. All other trace critical minerals in the control fluids 
had lower concentrations ranging from 0.82 ug/l to 188 ug/l. All critical mineral concentrations 
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were observed to be significantly higher in the shale reacted effluents (Figure 4, Figure 5, 
Figure 6). Critical mineral concentrations in the shale reacted effluents were 4590.4 ug/l in 
AMP-LM1, 24,751 ug/l in SB-LM1 and 23,342 ug/l in SH-LM1 (Figure 7). The highest 
concentration critical minerals in the shale reacted effluents were Al and Zn. Peak Al and Zn 
concentrations were observed in LM1-SH and measured 3516.8 ug/l and 14,730 ug/l, 
respectively. The concentrations of Co, Cu, Mn, and Se ranged from 511 ug/l to 4571 ug/l, while 
all other trace elements were lower than 260 ug/l. Of the trace elements Li, Al, Co, Cu, and Cd 
were released orders of magnitude higher in SB-LM 1 and SH-LM1 than in AMP-LM1 with 
respect to the control fluids (Table S4). Other metals and metalloids including B, Mg, Si, K, Ca, 
Na, Sr, Ba, and Fe were detected at elevated concentrations in both control and shale reacted 
effluents. In the control fluids the remaining metals had concentrations of 10,809.9 mg/l in 
AMPc, 16,997.2 mg/l in SBc and 39,409 mg/l in SHc. These metals were generally lower in 
shale reacted effluents with concentrations of 10,745.3 mg/l in AMP-LM1, 17,427.9 mg/l in SB-
LM1 and 37,710.1 mg/l in SH-LM1. It is also important to note that metals including Be, Co, 
Mo, Ag, Cd, Sb, Tl, and U were not observed in the control fluids but had measurable 
concentrations in the shale reacted effluents. 
Mineralogy and Aqueous inorganic chemistry 
XRD results show that unreacted LM1 shale is mainly comprised of quartz, mica and 
orthoclase with smaller fractions of plagioclase, calcite, dolomite, pyrite, marcasite, and barite. A 
variable change in mineralogy was observed in the LM1 shale sample after reaction with each 
oxidative HFF. Calcite and dolomite concentrations decreased in all of the reacted shale samples, 
while barite concentrations increased. Pyrite and marcasite were observed to increase in AMP-
LM1 but decreased in SH-LM1 and was not detected in SB-LM1. Orthoclase, plagioclase and 
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mica content varied among the reacted shale samples. Gypsum was detected in LM1-SH and 
LM1-SB only and halite was detected in LM1-SH. A detailed description of the unreacted and 
reacted shale samples is supplied in Table 5 and Figure 8.  
Table 5: Quantitative XRD results of the original shale and reacted shale samples. Mineralogical 
composition is represented by weight percent with quantitative error of ± 1%. *ND – Not 
Detected. 
 
LM1 AMP-LM1 SH-LM1 SB-LM1 Formula 
quartz 31 29.9 28.1 32.1 SiO2 
K-feldspar 8.6 10.3 10.4 11 KAlSi3O8 
plagioclase 4 4 6 4.5 (Na,Ca)(Si,Al)4O8 
mica 43.6 45.4 40.9 47.1 KAl2(AlSi3O10)(OH)2 
calcite 0.3 0.2 ND ND CaCO3 
dolomite 4.9 1.3 2 ND CaMg(CO3)2 
pyrite 5 5.6 2.8 ND FeS2 
marcasite 0.7 0.8 0.6 ND FeS2 
gypsum ND ND 1.2 3.2 CaSO4-2(H2O) 
barite 1.9 2.5 2.4 2.1 BaSO4 
halite ND ND 5.6 ND NaCl 
 
The pH of shale reacted effluents AMP-LM1 and SB-LM1 showed an increase from 2.80 
to 5.74 and 3.19 to 3.76 respectively. The pH of SH-LM1 decreased from 10.88 to 4.98. 
Dissolved inorganic carbon (DIC) was detected in all control fluids and showed an increase in all 
shale reacted effluents. DIC was measured at 31.8 mg/l in AMP-LM1 (vs 0.54 mg/l in AMPc), 
64.8 mg/l in SB-LM1 (vs 2.26 mg/l in SBc), and 71.9 mg/l in SH-LM1 (vs 37.8 mg/l in SHc). IC 
results show that Ba was not detected in AMPc, but was measured at 59.8 mg/l in SBc and 179.6 
mg/l in SHc. Barium decreased below detection limits in all shale-reacted effluents. All shale-
reacted effluents show an increase in sulfate relative to their respective control fluids. Sulfate 
was highest in SB-LM1 measured at 2715.2 mg/l, followed by 1137.2 mg/l in SH-LM1 and 
602.6 mg/l in AMP. Phosphate followed a similar trend as sulfate. Phosphate was not detected in 
AMP-LM1 but had measurable concentrations of 19.9 mg/l in SB-LM1 and 34.6 mg/l in SH-
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LM1. Potassium concentrations were consistent in all control fluids and slightly increased in all 
shale reacted effluents with no observable trends. Sodium and chloride concentrations were 
consistent between all control and shale reacted effluents except for SHc and SH-LM1. Chloride 
concentrations were 56,551 mg/l in SHc and 69,479 mg/l SH-LM1 and sodium was measured at 
38,343 mg/l in SHc and 39,994 mg/l in SH-LM1. Calcium, Mg and Na had variable 
concentrations in all control and shale reacted effluents with no noticeable trends. The high 
concentrations of Ca, Mg, Na, and K added to the synthetic HFF’s, makes it very difficult to 
interpret the changes and differences in their concentrations in the shale reacted effluents (Table 
6).  
Table 6: Major anion and cation concentrations as measured by IC. 
 
Sulfate Chloride Phosphate Sodium Ammonium Potassium Magnesium Calcium Strontium Barium 
 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
AMPc 478.99 15789.0 6.13 6446.79 201.40 268.93 141.60 1551.24 214.78 ND 
SBc 6.20 15671.6 10.26 13501.37 ND 274.55 183.92 2150.08 395.90 59.83 
SHc 5.40 56551.2 ND 38343.55 ND 284.28 106.37 1046.35 305.25 179.64 
AMP-LM1 602.6 15834.7 ND 7201.58 198.69 311.30 237.26 1999.81 124.17 ND 
SB-LM1 2715.2 15374.5 19.934 13903.17 ND 307.02 340.28 2074.04 48.50 ND 
SH-LM1 1137.2 69479.5 34.60 39944.55 2.82 321.22 97.02 1828.68 271.26 ND 
 
2.4 Discussion: 
Effect of breakers on VOC release 
The VOCs in gaseous and solubilized forms are ubiquitous in most hydraulic fracturing 
operations. However, most of the lab-scale fluid-shale experiments conducted to understand the 
release of VOCs have focused on BTEX compounds (Pilewski et al., 2019, Marcon et al., 2017). 
In this study, we document the presence of 73 VOCs occurring in variable concentrations across 
all reactions, including control fluids and shale reacted effluents. All target analyte 
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concentrations were measured at levels higher than the method detection limit (MDL) (Table S1 
and Table S2). 
The presence of target VOCs in all control fluids indicates, that the formation of a portion 
of the total VOCs can be attributed to the transformation of additives within the synthetic HFF 
without any interaction with shale constituents. For example, carbon disulfide is a known 
degradation product of some friction reducers and the biocide glutaraldehyde (Kahrilas et al., 
2015). A similar degradation process may have occurred with glutaraldehyde and other additives 
in our effluents. The generation mechanism of different VOCs was beyond the scope of this 
preliminary study. However, the type and amount of VOCs generated appears to be controlled by 
oxidizing strength and chemical specificity of different breakers. Acetone was detected in all 
control fluids with a peak concentration of 100,000 ug/l in AMPc. Acetone synthesis can occur 
by the oxidation of propylene in the presence of reactive radical species (Sifniades et al., 2011). 
During ammonium persulfate degradation, highly reactive sulfate free radicals are generated and 
may have specifically oxidized propylene, resulting in the anomalously high concentration of 
acetone in AMPc. Propylene is possibly a proprietary ingredient in the petroleum distillate added 
to the HFF solutions and may explain why acetone was ubiquitous in all effluent samples. 
Additionally, our data shows the generation of halogenated organic compounds was specifically 
controlled by the halogen derived oxidative breakers (sodium bromate and sodium hypochlorite). 
Oxidant’s sodium bromate (used in SBc) and sodium hypochlorite (used in SHc), possibly 
resulted in the production of halogenated organic compounds in their respective control 
effluents. The effluents of SBc and SHc, show abundance of organobromides and chlorocarbon 
compounds such as bromodichloromethane, bromoform, chlorodibromomethane, and chloroform 
(Figure 1 and Table S1). In contrast, AMPc produced negligible halogenated organic 
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compounds. These results suggest that organobromides and chlorocarbons can be generated by 
the reaction between the halogenated oxidants and other constituents in HFF. When injected into 
the target formation, they may undergo further transformation on interaction with the 
constituents of the formation.  
 The increase in VOCs, including BTEX concentrations in shale reacted effluents 
compared to control fluids, indicates that additional VOCs are produced by the reaction of 
breakers with shale organic matter via potential oxidative transformation (Hull et al., 2019, You 
et al., 2017, Pilewski et al., 2019). BTEX compounds have been identified in similar lab-scale 
experimental studies and in produced waters of the Marcellus Shale (Ziemkiewicz and He, 2015, 
Elsner and Hoelzer, 2016, Marcon et al., 2017, Pilewski et al., 2019). Large macromolecules 
within the organic matrix of the LM1 shale sample may be prone to solubilization by HFF 
interaction via oxidative transformation. The discrepancy in BTEX concentrations between LM1 
shale reacted effluents, suggests the effectiveness of organic matter degradation depends on the 
type and strength of oxidative breaker. The significant increase in BTEX compounds observed in 
SH-LM1 indicates that sodium hypochlorite may react more readily with shale organic matter 
than the other breakers. This in turn will enhance the release of BTEX compounds. Similarly, the 
highest VOC concentrations correlated with higher ORP of the oxidative HFF used during the 
reaction (Figure 2). In addition to the degradation of shale organic matter, VOCs may be 
sourced by the transformation of VOCs that are already present in the control fluids.  
The transformation of VOCs in reaction with shale is evident by comparing specific 
compounds in shale reacted effluent samples with the control fluids. For example, bromoform, 
chloroform, and other trihalomethanes were detected at elevated concentrations in the controls of 
SBc and SHc, respectively. The concentrations of bromoform and chloroform decreased 
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significantly in their respective shale reacted effluents (SBc to SB-LM1, and SHc to SH-LM1), 
potentially due to the transformation or degradation of these compounds. The transformation of 
the trihalomethanes in the control fluids, may have generated the additional trihalomethanes 
detected at elevated concentrations in the shale reacted effluents (Figure 1 and Table S2). This 
suggests that the trihalomethanes produced in the control fluids may interact with shale organic 
matter to produce additional chlorinated and organobromide bi-products. It is important to note 
that specific chlorinated and organobromide compounds such as bromobenzene, 2-chlorotoluene, 
and trichloroethene were not detected in the control fluids, supporting that these additional 
compounds may have been produced by degradation and transformation of VOCs in control 
fluids or by interaction with shale organic matter. In contrast, AMPc and AMP-LM1 do not show 
any presence of halogenated compounds because these samples did not contain any halogen-
derived additives. 
Effect of breakers on Semi-Volatile Organic Compounds (SVOCs) 
Our results are similar to those of produced fluids sampled during field operations such 
that PAHs were in the low ug/l range (Butkovskyi et al., 2017). PAHs are found in large 
quantities in coalbed methane-produced waters due to the leeching from coal organic matter 
(Orem et al., 2007). PAHs are also identified in trace amounts in produced waters related to shale 
gas operations (Orem et al., 2014, Hayes et al., 2012). The observed low concentration of 1-
Methylnapthalene in SBc and SHc may be attributed to the transformation of organic compounds 
sourced from the petroleum distillates added to each HFF. The proprietary ingredients and 
additives of petroleum distillates are poorly characterized and warrant separate investigation for 
evidence of PAHs. On the other hand, our results show that PAHs were solubilized during fluid-
rock interactions in AMP-LM1 and may be subject to oxidative dissolution by breakers. 
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However, with a limited amount of data, the extent of PAH mobilization cannot be determined. It 
is possible that other PAHs were proliferated during our oxidative HFF reactions and were 
effectively adsorbed to the shale organic matter. However, the absence of PAHs in our effluents 
is a positive result as it lowers the toxic effect of produced waters. Further studies are needed to 
determine the mechanisms that release PAHs during fluid-shale interactions.  
 Of the target VOC and SVOC analytes, halogenated hydrocarbons, BTEX compounds, 
and PAHs are of most significant concern due to their toxicity, relatively high solubility, and 
potential for persistence in the environment (Hawboldt et al., 2005). The presence of these 
compounds in fracturing operations and fluid-shale studies presents unique challenges associated 
with produced water treatment, water re-use, and environmental concerns relating to water 
resource contamination. Compound’s such as benzene, carbon tetrachloride, chloroform, 1,2-
Dichloroethane, methylene chloride, many chlorocarbons and organobromides detected in our 
study, are considered carcinogenic (Lewis et al., 2004). Many VOCs and SVOCs have adverse 
health effects after long-term exposure predominantly affecting respiratory function, can impair 
human development and endocrine cycles, and cause various cell mutations leading to cancer in 
humans (Soni et al., 2018, Bekki et al., 2013). PAHs are the greatest threat to human health as 
concentrations as little as 0.2 ug/l in drinking water resources can have devastating health effects 
(U.S. EPA, 1985). PAH concentrations in our samples were less than 0.2 ug/l, however, these 
breakers may react and initiate the release of more PAHs if they are used in higher concentration 
or the reaction time is different (shorter or longer). Therefore, further studies are needed to better 
understand the role of these breakers on PAH release.  
Currently, various treatment strategies exist for the removal of organic compounds from 
shale gas-related operations. These remediation strategies include basic separation, activated 
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carbon adsorption, membrane separation, biological treatment, thermal distillation, and advanced 
oxidation with varying success rates at removing halogenated compounds, VOCs, and PAHs 
(Butkovskyi et al., 2017). However, depending on the type and amount of organic compounds 
present, alternative treatment strategies may be necessary. Our study indicates that variable type 
and amount of VOCs and PAHs could be released by using different oxidative breakers 
indicating site specific remediation strategies may be required for water treatment and 
management. 
Effect of breakers on Organic Acids and NPOC 
Our results indicate organic acids are generated in all control fluids when subject to 
temperatures mimicking reservoir conditions. In particular, acetate, formate and succinate were 
dominant in all of the control fluids. The generation of organic acids observed in the control 
fluids indicates that the transformation or degradation of organic additives in the HFF’s may be a 
source of organic acids. The degradation of organic additives such as ethoxylates, gaur gum, and 
glycols can result in organic acid generation (Luek et al., 2017). Other studies have also observed 
the proliferation of organic acids in synthetic HFF’s and shale-produced fluids during laboratory 
fluid-shale reactions (Pilewski et al., 2019, Marcon et al., 2017, Hoelzer et al., 2016). However, 
our data show an increase in total organic acid concentration in shale-reacted effluents SB-LM1 
and SH-LM1. This result suggests organic acids could be released from shale organic matter. 
Acetate is a known product of the thermal cracking of source rock kerogen (Kharaka., et al 
1983), and oxidative dissolution of kerogen may release bound functional groups (Hull et al., 
2019).  
Similarly, ester linked carboxyl functional groups are attached to the organic matter in 
shale, and it is believed that these functional groups can become extracted during the fracturing 
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process of shale gas operations and explain the concentrations of low molecular weight carboxyl 
acids (Zhu et al., 2015). Additionally, organic acids are also known to be produced by microbial 
fermentation under the anaerobic conditions of hydraulic fracturing operations (Muller, 2001). 
Microbial communities capable of producing organic acids have been identified in Marcellus- 
produced waters where acetate was present (Murali Mohan et al., 2013, Cluff et al., 2014). 
However, the concentration of organic acids in shale reacted effluents may also be dominantly 
controlled by the oxidative strength of the HFF. Our results show the most considerable variation 
in total organic acid concentration was present between SBc to SB-LM1 and SHc to SH-LM1. 
This suggests that sodium bromate and sodium hypochlorite breakers may be most effective at 
increasing organic acids by oxidative reactions.  
On the other hand, the decrease in total organic acid concentrations between AMPc and 
AMP-LM1 suggests that organic acids may have been effectively adsorbed to shale organic 
matter (Figure 3). This is supported by the increase in TOC content on the AMP-LM1 reacted 
shale sample. Strong oxidizing agents may proliferate organic acids; however, future studies 
need to constrain the sources of organic acids in shale organic matter (e.g., bitumen and 
kerogen). 
The high TOC content of the LM1 shale sample may provide absorption sights for 
organic compounds within the organic matrix of kerogen. As shales increase in maturity, the 
organic matrix becomes aromatic in structure which increases surface area and porosity (Zargari 
et al., 2015, Zhang et al., 2013, Pilewski et al., 2019). Differences in the organic matter matrix 
corresponding to different thermal maturity may allow organic compounds to be absorbed and 
trapped within the kerogen of the shale. Organic compounds liberated from shale due to 
hydraulic fracturing operations, or the organic additives in HFF, would be effectively adsorbed 
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by this process. This may explain the decrease in NPOC in AMP-LM1 and SB-LM1 and the 
increase in shale TOC associated with AMP-LM1 (Figure 3).  
Additionally, studies have shown that low pH aqueous systems may prevent organic 
matter desorption from acid-resistant mineral surfaces such as quartz, inhibiting organic matter 
oxidation (Jing et al., 2018; Mikutta et al., 2005). This may further support the liberation of 
organic acids in SB-LM1 but the low pH environment would inhibit further organic acid 
proliferation and effectively adsorb them back to the shale organic matter. Previous studies have 
observed similar trends during bench top fluid-shale reactions (Pilewski et al., 2019, Marcon et 
al., 2017, Tasker et al., 2016). The increase of NPOC in SH-LM1 and decrease in shale TOC, 
suggests sodium hypochlorite has high reactivity with shale organic matter. This resulted in the 
extensive degradation of shale organic matter and the release of NPOC. These results show the 
affinity of oxidative breakers for organic matter dissolution during fluid-shale reactions. 
Effect of breakers on Critical Mineral Mobility 
The variation in critical mineral distribution in our shale reacted effluents suggests their 
mobility was influenced by the interaction with the different oxidative HFF solutions. Our results 
show that shale reacted effluents with the highest initial ORP produced the highest concentration 
of dissolved critical minerals (Figure 4, Figure 5, Figure 6, Figure 7). Critical mineral 
concentrations are 439% and 408% higher in SB-LM1 and SH-LM1 respectively, compared to 
AMP-LM1. The liberation of metals and metalloids into solution is commonly associated with 
the degradation of organic matter and pyrite through oxidative dissolution (Phan et al., 2015, 
Wang et al., 2015). Organic matter and pyrite become unstable in oxidizing and low pH 
conditions which may release bound trace elements such as Fe, Se, As, Cd, Cu, Pb, Zn, and Tl 
(Dang et al., 2002, Baruah et al., 2010, Xiao et al., 2012). However, our data suggests that it does 
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not support the hypothesis that low pH conditions are a primary control on the mobility of 
critical minerals and metals. Particularly, Pb is primarily associated with pyrite in shales and can 
be released upon dissolution (Rimstidt and Vaughan, 2003). The highest Pb concentrations were 
observed in SB-LM1 and SH-LM1, where a decrease in pyrite was also noted by XRD analysis. 
However, complete dissolution of pyrite was observed in SB-LM1, but Pb concentrations were 
over sixty-five percent lower in SB-LM1 (10.1 ug/l) than in SH-LM1 (29.5 ug/l). This suggests 
that the mobility of Pb may be largely controlled by organic matter degradation instead of pyrite 
dissolution.  
Enhancement of critical mineral mobility via pyrite dissolution may be explained by the 
increased concentrations of As, Cu, Cd, and Zn that followed the same trend in SB-LM1 and SH-
LM1. In addition, breakers ammonium persulfate and sodium bromate have been observed to 
alter the chemio-physical characteristics of kerogen in shale samples (Hull et al., 2019). Fluid-
kerogen experiments with Marcellus Shale samples have been noted to release Fe, S, Co, Ni, and 
Pb (Dustin et al., 2018). Likely, the release of a portion of these metals in the shale effluents is 
from the degradation of kerogen. However, to constrain the effect of oxidizers on kerogen 
degradation, future studies are needed to isolate their interactions. Additionally, this may provide 
insight into the source of other trace elements observed in our effluents such as V, Cr, Pb, Ti and 
U. 
As described above, oxidative fluids effectively enhance critical mineral mobility through 
the presumed oxidative transformation of shale organic matter and mineral content. Our data 
suggest that element mobility is enhanced by the selectivity of different breakers. This is 
apparent in the significantly higher concentrations of trace elements observed in SB-LM1 and 
SH-LM1 relative to AMP-LM1 (Table S4). The extent of critical mineral mobility may be 
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explained by the limitations of the individual breakers. Ammonium persulfate forms a free 
radical sulfate during decomposition (Liang et al., 2018). It is likely the complete consumption 
of these free radicals occurred by reaction with other HFF components and may have limited the 
oxidizing capacity of ammonium persulfate. 
 Additionally, sulfate derived from persulfate reduction may be a source for sulfate scales 
such as barite. Barite precipitation was observed in AMP-LM1 and potentially acted as a sink for 
sulfate radicals, therefore inhibiting the reactivity of ammonium persulfate. This could also 
create problematic scales in fracture zones or the wellbore during fracturing operations. On the 
other hand, sodium bromate has been noted to perform well at elevated temperatures (Hull et al., 
2019) and likely was active for a longer period of time during fluid-shale contact. This would 
effectively allow shale organic matter to be oxidized to a further extent and potentially release 
higher concentrations of critical minerals into solution. Similarly, sodium hypochlorite was 
observed to have an affinity for interacting with shale organic matter that was observed in the 
pronounced decrease of LM1 TOC content. This implies that the degradation of shale organic 
matter could have readily leached high concentration of trace elements. Our results show that 
contaminant mobility is related to the organic and mineral phases of shale and is enhanced by the 
presence of specific oxidative breakers in HFF.  
The demand for critical element recovery and extraction has increased in recent years. 
The geochemical data of our samples indicates the potential for oxidative breakers to release 
significant concentrations of trace and critical elements during shale-fracturing operations. 
Although the presence of critical minerals in produced waters may give rise to environmental 
concerns, the importance that the recovery of these elements and metals may become viable 
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should be considered. Further studies are needed to assess the use of oxidative breakers on 
understanding the recovery of critical minerals during shale-gas operations. 
Effect of breakers on Mineralogy and Major Ions 
The initial low pH of AMPc and SBc is comparable to the pH of HFF’s used in the 
Marcellus Shale (Jew et al., 2018). All control fluids contained hydrochloric acid (HCl), an 
additive used to prevent mineral scaling in the wellbore and is likely responsible for the low pH 
observed in the control fluids. On the other hand, SHc had an initially high pH due to the basic 
nature of sodium hypochlorite as an oxidative breaker. The increase in pH of shale reacted 
effluent samples can result from alkalinity generated by carbonate mineral dissolution 
(Vankeuren et al., 2017, Harrison et al., 2017). The pH increased to 5.74 and 3.76 in AMP-LM1 
and SB-LM1 respectively, and suggests carbonate minerals provided buffering capacity. This is 
supported by the increase in dissolved inorganic carbon (DIC) concentration in the shale reacted 
effluents and an apparent decrease in carbonate mineral content shown by XRD. DIC and pH of 
effluents were highest in samples where carbonate mineral content decreased the most. In SB-
LM1, the pH remained relativity low even though total consumption of carbonate minerals was 
observed in that sample (Figure 8). This may be partly due to the high concentration of trace 
elements and metals in solution (Figure 5 and Table S4) that would increase acidity and lower 
the buffering capacity (Harrison et al., 2017, Dustin et al., 2018). AMP-LM1 contained a 
negligible amount of trace metals in solution and any acidity generated would be insufficient to 
counterbalance any alkalinity generated by carbonate dissolution.  
Additionally, the pH of SH-LM1 was likely influenced by the high concentration of the 
weak base sodium hypochlorite added as a breaker. Therefore, the real impact of carbonate 
dissolution and trace element influence in this sample cannot be determined. These observations 
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suggest that carbonate mineral dissolution, trace metal concentrations, and HFF chemistry 
influenced the pH of the shale reacted effluents. 
The higher concentrations of sulfate in post-reacted fluids compared to the control fluids 
indicates that the oxidative dissolution of sulfate bearing minerals such as pyrite and marcasite 
on reaction with HFF might be responsible for sulfate generation (Figure 9). This hypothesis is 
supported by the fact that the highest concentrations of sulfate were detected in SB-LM1 and 
SH-LM1 effluents and XRD analysis of both these samples indicate a significant decline in 
pyrite and marcasite composition (Figure 9). The highest concentration of sulfate observed in 
SB-LM1 combined with total consumption of sulfate bearing minerals during the experiment, 
suggests an affinity for the oxidation of these minerals by sodium bromate. AMP-LM1 also 
showed an increase in sulfate concentrations from 478.9 mg/l to 602.9 mg/l however, the XRD 
data does not indicate any change in sulfur-bearing mineral content. Therefore, an increase in 
sulfate concentration in AMP-LM1 effluent is attributed to the degradation of ammonium 
persulfate because sulfate free-radicals are generated by ammonium persulfate at elevated 
temperatures (Liang et al., 2018).  
Sulfate generated by pyrite and marcasite dissolution in the effluent samples can 
stimulate the precipitation of minerals such as barite and gypsum (Chen et al., 2018, Vankeuren 
et al., 2017). We note a decline in Ba concentrations in all shale reacted effluents with the 
abundance of sulfate ions. This is attributed to the reaction of Ba and sulfate ions resulting in the 
precipitation of barite. XRD analysis shows barite content increased the most in AMP-LM1, 
followed by SH-LM1 and SB-LM1 (Figure 8). Our results are similar to previous fluid-shale 
studies that have observed barite precipitation (Pilewski et al., 2019, Vankeuren et al., 2017, 
Xiong et al., 2020). Additionally, the presence of organic acids has been associated with 
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increased concentrations of Ba and sulfate in produced waters (He et al., 2014). However, 
organic acids can affect the solubility of scaling minerals such as barite, through the removal of 
cations in solution by complex formation with organic acids (Hakala et al., 2017). This may have 
limited the precipitation of barite to occur. Similarly, gypsum was only observed in SB-LM1 and 
SH-LM1. The abundance of Ca and sulfate ions in SB-LM1 and SH-LM1 were likely available 
to allow the secondary precipitation of gypsum. In the case of AMP-LM1, the absence of 
gypsum is likely due to an insufficient amount of available sulfate ions. This could be due to the 
lack of sulfate ions that would have been generated by the dissolution of pyrite and marcasite, or 
an inadequate amount of sulfate remained after the precipitation of barite. On the other hand, 
halite was exclusively observed in SH-LM1. The highest concentrations of chloride were 
observed in SH-LM1 and may have resulted from the thermal breakdown of sodium 
hypochlorite. An abundance of chloride ions may have been generated by this process and could 
effectively react with Na in solution to form halite. Our results suggests that the precipitation of 
these minerals occurs in shales and is governed by ions in solution from HFF additives and the 
shale mineralogy (Figure 9).   
The increase in phosphate concentrations in the shale-reacted effluents cannot be 
attributed to the oxidative breakers utilized during this study. This implies the source of 
phosphate is potentially from phosphate-bearing mineral phases such as apatite within the shale 
sample. The increase in DIC of shale reacted effluents, trace amounts of F- and increase in Ca 
concentrations may be further evidence for apatite dissolution. Apatite was not detected in the 
XRD analysis; however, the presence of apatite in trace amounts should be considered as a 





Fluid-shale experiments were conducted using oxidizing HFF, that were created using 
common industry breakers: ammonium persulfate, sodium bromate, and sodium hypochlorite. 
The experiments were carried out at formation temperature to investigate contaminant and 
critical mineral release, along with changes in major ion chemistry and mineralogy. Our study 
illustrates that the type of oxidative breaker used during HFF operations may control many of the 
reactions that occur during fluid-shale interaction and the results demonstrate that: 
1. The type and amount of VOCs and SVOCs produced in control fluids and shale reacted 
effluents is strongly dictated by the oxidative breaker.  Organic compounds were found to 
be generated by the transformation of additives within the HFF and by the degradation of 
shale organic matter. Additionally, the presence of halogenated VOCs was greatest in 
reactions with sodium bromate and sodium hypochlorite and lowest with ammonium 
persulfate.  
2. Organic acids were ubiquitous in control and shale reacted effluents. However, 
concentrations of organic acids increased in shale reacted effluents with the highest ORP. 
The decrease in organic acids in AMP-LM1 can be attributed to adsorption to organic 
matter, shown by a reduction in NPOC and increase in TOC content. 
3. Shale organic matter and unstable constituents such as pyrite were subject to oxidation by 
each HFF solution. Organic matter degradation occurred to the greatest extent in SH-
LM1 and indicates an affinity for sodium hypochlorite. SB-LM1 was most effective at 
oxidizing pyrite and is shown by the total consumption of iron-sulfate minerals. Organic 
matter was least impacted by ammonium persulfate and is indicated by the decrease in 
NPOC and increase in TOC of AMP-LM1. 
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4. The oxidation of organic matter and shale constituents would release critical minerals 
such as various metals and metalloids into solution. Critical mineral mobility was 
governed primarily by HFF ORP. 
5. Oxidants in HFF could result in complex fluid-rock interactions that could stimulate 
secondary mineral precipitation and dissolution. Reactions were controlled by carbonate 
mineral dissolution, and secondary precipitation of barite, gypsum, and halite. Sulfate 
ions in solution resulting from enhanced pyrite oxidation and oxidant degradation of 
ammonium persulfate could result in the generation of barite and gypsum. The 
degradation of sodium hypochlorite may promote the precipitation of halite. 
 
Our experiments confirm that the type of oxidant added to HFF can influence many 
reactions during fluid-shale interaction. Further studies are needed to investigate organic 
contaminant transformation pathways and rates of critical mineral mobility by oxidizing agents. 
Further studies are also needed to assess the use of oxidative breakers on understanding the 
recovery of critical elements during shale-gas operations. A better understanding of these 
geochemical reactions is needed to mitigate environmental hazards that may be associated with 
field scale use of oxidizing fluids in hydraulic fracturing operations. 
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3.0 Conclusion: 
In this study, we conducted laboratory scale fluid-rock interactions mimicking reservoir 
temperatures and for a duration in accordance with the typical shut-in period (2 weeks) of a 
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hydraulic fracturing operation. Our experiments comprised of three oxidative HFF solutions that 
were comprised of common industry breakers ammonium persulfate, sodium bromate, and 
sodium hypochlorite. To identify geochemical processes influenced by oxidative breakers, we 
focused analyses on the presence of organic compounds, critical minerals such as metals and 
metalloids, mineralogy, and major ion chemistry. The results showed that the oxidant used in 
each HFF controlled the type and amount of VOCs and SVOCs present in control and shale 
reacted effluents. Organic compounds were found to be governed by the oxidative strength of the 
HFF, in which solutions with the highest ORP produced the largest quantities of VOCs. 
Additionally, organic compounds were found to be generated by the transformation of additives 
within the HFF and by the degradation of shale organic matter. Effluent samples also showed 
that addition of oxidants sodium bromate and sodium hypochlorite, promoted the halogenation of 
many organic compounds. Organic acids were observed to be ubiquitous in control and shale 
reacted effluents, suggesting a portion of the total organic acids may be sourced from the 
transformation of HFF additives. However, concentrations of organic acids increased in shale 
reacted effluents SB-LM1 and SH-LM1 likely by the degradation of shale organic matter and 
decreased in AMP-LM1 due to the potential absorption to shale organic matter. Shale organic 
matter and unstable constituents such as pyrite were subject to oxidation by each HFF solution 
and resulted in the release of critical minerals into solution. Metals and metalloids including Be, 
Co, Mo, Ag, Cd, Sb, Tl, and U were only present in shale reacted effluents and indicates 
leaching from the shale. Critical mineral mobility occurred to the greatest extent where HFF 
ORP was the highest. Moreover, oxidants in HFF could result in complex fluid-rock interactions 
that could stimulate secondary mineral precipitation and dissolution. Reactions were controlled 
by carbonate mineral dissolution, and secondary precipitation of barite, gypsum, and halite. 
46 
 
Sulfate ions in solution resulted from the enhanced oxidation of pyrite and from the degradation 
of ammonium persulfate and could result in the generation of barite and gypsum. The 
degradation of sodium hypochlorite may promote the precipitation of halite. Further studies are 
needed to constrain the source and transformation of organic compounds produced by oxidative 
dissolution. Additionally, future studies are needed to characterize how kerogen may be directly 
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Figure 1: Heat map summarizing all VOCs observed in effluent samples. Low concentration 
VOCs are represented by the increasing blue scale and higher concentration VOCs are 
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Figure 2: Total VOC concentration in shale reacted effluents with respect to the initial ORP of 














Figure 4: Critical minerals concentrations (AMPc and AMP-LM1). Analytes with 
concentrations <1ug/l were removed (Table S4).  
 
 
Figure 5: Critical mineral concentrations (SBc and SB-LM1). Analytes with concentrations <1 













































Figure 6: Critical mineral concentrations (SHc and SH-LM1). Analytes with concentrations <1 
ug/l were removed (Table S4). 
 
Figure 7: Critical mineral concentrations in shale reacted effluents and the initial ORP of HFF 
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Figure 8: XRD results showing the original mineral composition of LM1 and the composition of 
LM1 after reaction with the oxidative HFF’s. Values were measured within reporting limit 















Figure 9: Concentrations of barium, sulfate, phosphate, and chloride in control and shale reacted 
effluents. An increase in sulfate concentration can be associated in samples where FeS2 was 















6.0 Supplementary Information: 
 
Table S1: Volatile organic compounds observed in the control fluids. Results and MDL are 
reported in ug/l. *ND – Not Detected 
Analyte AMPC MDL SBC MDL SHC MDL 
Acetone 100000 2820 1610 282 451 11.3 
Acrolein ND - ND - ND - 
Acrylonitrile ND - ND - ND - 
Benzene 0.172 0.0941 ND - ND - 
Bromobenzene ND - ND - 1.31 0.118 
Bromochloromethane ND - 64.5 3.2 ND - 
Bromodichloromethane 1.39 0.136 175 3.4 2030 34 
Bromoform 5.28 0.129 91800 258 478 32.3 
Bromomethane ND - 15.3 15.1 25.1 0.605 
n-Butylbenzene ND - ND - ND - 
sec-Butylbenzene ND - ND - ND - 
tert-Butylbenzene ND - ND - ND - 
Carbon disulfide 1.55 0.0962 274 2.41 66.2 0.0962 
Carbon tetrachloride ND - ND - 31.7 0.128 
Chlorobenzene ND - ND - 0.161 0.116 
Chlorodibromomethane 2.04 0.14 2070 3.5 957 35 
Chloroethane 
  
39.8 4.8 7.91 0.192 
Chloroform 0.857 0.111 88.7 2.78 10900 27.8 
Chloromethane ND - ND - 616 240 
2-Chlorotoluene ND - ND - ND - 
4-Chlorotoluene ND - ND - ND - 
1,2-Dibromo-3-
Chloropropane 
ND - ND - 1.82 0.276 
1,2-Dibromoethane ND - ND - ND - 
Dibromomethane ND - 74.4 3.05 10.3 0.122 
1,2-Dichlorobenzene ND - ND - 0.136 0.107 
1,3-Dichlorobenzene ND - ND - ND - 
1,4-Dichlorobenzene ND - ND - ND - 
Dichlorodifluoromethane ND - ND - ND - 
1,1-Dichloroethane ND - ND - 2.61 0.1 
1,2-Dichloroethane ND - ND - 1.43 0.0819 
1,1-Dichloroethene ND - ND - ND - 
cis-1,2-Dichloroethene ND - ND - ND - 
trans-1,2-Dichloroethene ND - ND - ND - 
trans-1,4-Dichloro-2-butene ND - ND - ND - 
1,2-Dichloropropane ND - ND - ND - 
1,1-Dichloropropene ND - ND - ND - 
59 
 
1,3-Dichloropropane ND - 3.55 2.75 0.538 0.11 
cis-1,3-Dichloropropene ND - ND - ND - 
trans-1,3-Dichloropropene ND - ND - ND - 
2,2-Dichloropropane ND - ND - ND - 
Di-isopropyl ether ND - ND - ND - 
Ethylbenzene ND - ND - ND - 
Hexachloro-1,3-butadiene ND - ND - ND - 
2-Hexanone ND - 41.7 19.7 2.87 0.787 
Iodomethane ND - ND - 150 6 
Isopropylbenzene ND - ND - ND - 
p-Isopropyltoluene ND - ND - ND - 
2-Butanone(MEK) 3.65 1.19 244 29.8 32.2 1.19 
Methylene Chloride ND - 50.2 10.7 24.1 0.43 
4-Methyl-2-pentanone 
(MIBK) 
ND - ND - ND - 
Methyl tert-butyl ether 0.57 0.101 ND - 0.267 0.101 
Napthalene ND - ND - ND - 
n-Propylbenzene ND - ND - ND - 
Styrene ND - ND - ND - 
1,1,1,2-Tetrachloroethane ND - ND - ND - 
1,1,2,2-Tetrachloroethane ND - ND - ND - 
1,1,2-Trichlorotrifluoroethane ND - ND - ND - 
Tetrachloroethene ND - ND - ND - 
Toluene ND - ND - ND - 
1,2,3-Trichlorobenzene ND - ND - ND - 
1,2,4-Trichlorobenzene ND - ND - ND - 
1,1,1-Trichloroethane ND - ND - ND - 
1,1,2-Trichloroethane ND - ND - ND - 
Trichloroethene (TCE) ND - ND - ND - 
Trichlorofluoromethane ND - ND - ND - 
1,2,3-Trichloropropane ND - ND - 8.67 0.237 
1,2,4-Trimethylbenzene ND - ND - ND - 
1,2,3-Trimetylbenzene 4.81 0.104 ND - ND - 
1,3,5-Trimethylbenzene ND - ND - ND - 
Vinyl acetate ND - ND - ND - 
Vinyl chloride ND - ND - ND - 
o-Xylene ND - ND - ND - 






Table S2: Volatile organic compounds observed in shale reacted effluents. Results and MDL are 
reported in ug/L. *ND – Not Detected 
Analyte AMP-LM1 MDL SB-LM1 MDL SH-LM1 MDL 
Acetone 7630 113 1660 565 1670 56.5 
Acrolein ND - ND - ND - 
Acrylonitrile ND - ND - ND - 
Benzene 1.35 0.094 8.86 5.9 9.14 0.471 
Bromobenzene ND - 71.3 6.4 ND - 
Bromochloromethane 0.332 0.128 3910 6.8 ND - 
Bromodichloromethane ND - 97600 322 9890 340 
Bromoform ND - 36.1 30.3 9110 322 
Bromomethane ND - ND - ND - 
n-Butylbenzene ND - ND - ND - 
sec-Butylbenzene ND - ND - ND - 
tert-Butylbenzene ND - ND - ND - 
Carbon disulfide 14.7 0.0962 1290 4.81 147 0.481 
Carbon tetrachloride ND - ND - 201 0.64 
Chlorobenzene ND - ND - ND - 
Chlorodibromomethane ND - 16400 350 13200 350 
Chloroethane 0.407 0.192 42.8 9.6 43.7 0.96 
Chloroform 0.333 0.111 100 5.55 ND - 
Chloromethane ND - ND - 228 4.8 
2-Chlorotoluene ND - ND - 10.7 0.53 
4-Chlorotoluene ND - ND - 5.29 0.57 
1,2-Dibromo-3-
Chloropropane 
ND - ND - ND - 
1,2-Dibromoethane ND - ND - ND - 
Dibromomethane ND - 164 6.1 57.1 0.61 
1,2-Dichlorobenzene ND - ND - ND - 
1,3-Dichlorobenzene ND - ND - ND - 
1,4-Dichlorobenzene ND - ND - 2.75 0.6 
Dichlorodifluoromethane ND - ND - ND - 
1,1-Dichloroethane ND - ND - 17.8 0.5 
1,2-Dichloroethane 3.42 0.0819 ND - ND - 
1,1-Dichloroethene ND - ND - 14.7 0.94 
cis-1,2-Dichloroethene ND - ND - 1.13 0.63 
trans-1,2-Dichloroethene ND - ND - ND - 
trans-1,4-Dichloro-2-butene ND - ND - ND - 
1,2-Dichloropropane ND - ND - ND - 
1,1-Dichloropropene ND - ND - ND - 
1,3-Dichloropropane ND - ND - 0.963 0.55 
cis-1,3-Dichloropropene ND - ND - ND - 
trans-1,3-Dichloropropene ND - ND - ND - 
61 
 
2,2-Dichloropropane ND - ND - ND - 
Di-isopropyl ether ND - ND - ND - 
Ethylbenzene 0.745 0.137 ND - 6.27 0.685 
Hexachloro-1,3-butadiene ND - ND - ND - 
2-Hexanone ND - ND - 15.3 3.94 
Iodomethane ND - ND - 35.6 30 
Isopropylbenzene ND - ND - 0.857 0.525 
p-Isopropyltoluene ND - ND - ND - 
2-Butanone(MEK) 15.2 1.19 282 59.5 148 5.95 
Methylene Chloride 201 4.3 257 21.5 181 2.15 
4-Methyl-2-pentanone 
(MIBK) 
0.658 0.478 ND - ND - 
Methyl tert-butyl ether 0.713 0.1 ND - 0.632 0.505 
Napthalene ND - ND - ND - 
n-Propylbenzene ND - ND - 0.677 0.497 
Styrene ND - ND - ND - 
1,1,1,2-Tetrachloroethane ND - ND - ND - 
1,1,2,2-Tetrachloroethane ND - ND - ND - 
1,1,2-
Trichlorotrifluoroethane 
ND - ND - ND - 
Tetrachloroethene ND - ND - ND - 
Toluene 8.92 0.278 ND - 39 1.39 
1,2,3-Trichlorobenzene ND - ND - ND - 
1,2,4-Trichlorobenzene ND - ND - ND - 
1,1,1-Trichloroethane ND - ND - 10.6 0.745 
1,1,2-Trichloroethane ND - ND - ND - 
Trichloroethene (TCE) ND - ND - 10.7 0.95 
Trichlorofluoromethane ND - ND - ND - 
1,2,3-Trichloropropane ND - ND - ND - 
1,2,4-Trimethylbenzene ND - ND - ND - 
1,2,3-Trimetylbenzene ND - ND - ND - 
1,3,5-Trimethylbenzene ND - ND - ND - 
Vinyl acetate ND - ND - ND - 
Vinyl chloride ND - ND - ND - 
o-Xylene 0.695 0.174 ND - 5.71 0.87 







Table S3: Semi volatile organic compounds (PAHs) observed in effluents in this study. Results 
and MDL are reported in ug/L. *ND – Not Detected 
Analyte SBc MDL SHc MDL AMP-LM1 MDL 
Anthracene ND - ND - ND - 
Acenapthene ND - ND - ND - 
Acenaphthylene ND - ND - ND - 
Benzo(a)anthracene ND - ND - ND - 
Benzo(a)pyrene ND - ND - ND - 
Benzo(b)fluoranthene ND - ND - ND - 
Benzo(g,h,i)perylene ND - ND - ND - 
Benzo(k)fluoranthene ND - ND - ND - 
Chrysene ND - ND - 0.0252 0.018 
Dibenz(a,h)anthracene ND - ND - ND - 
Fluoranthene ND - ND - 0.0141 0.011 
Fluorene ND - ND - ND - 
Indeno(1,2,3-cd)pyrene ND - ND - ND - 
Napthalene ND - ND - ND - 
Phenanthrene ND - ND - ND - 
Pyrene ND - ND - ND - 
1-Methylnapthalene 0.0265 0.02 0.0311 0.02 ND - 
2-Methylnapthalene ND - ND - ND - 

















Table S4: Critical minerals (metals and metalloids) measured from ICP-MS and ICP-OES 
analysis. 
ICP-MS AMP-LM1 SB-LM1 SH-LM1 AMPc SBc SHc 
Analyte ug/L ug/L ug/L ug/L ug/L ug/L 
Li 61.5 127 158 5.69 6.93 85.8 
Be <DL 8.88 <DL <DL <DL <DL 
B 4672 5919 5649 4110 3726 4688 
Mg 356861 462765 146709 254086 255762 179009 
Al 32.5 3517 1301 171 188 <DL 
Si 21197 37717 30989 4996 6525 12813 
K 359965 359335 368737 368730 369468 380635 
Ti 6.41 56.8 25.4 8.08 47.7 12.6 
V 37.8 32.8 122 28.3 18.7 102 
Cr 4.01 109 37.8 4.53 10.2 8.21 
Mn 1830 7.14 1890 5.12 4.69 <DL 
Fe 252 185 8493 302 191 125 
Co 100 511 259 <DL <DL <DL 
Cu 31.8 4571 1112 9.36 5.58 22.6 
As <DL 5.67 9.73 <DL <DL 4.23 
Se <DL 725 181 <DL 356 77.0 
Mo 41.0 <DL 18.0 <DL <DL <DL 
Ag <DL 47.3 14.9 <DL <DL <DL 
Cd 30.6 107 88.2 <DL <DL <DL 
Sb 0.08 <DL 8.39 <DL <DL <DL 
Tl 28.3 <DL 39.1 <DL <DL <DL 
Pb 0.587 10.1 29.5 7.22 2.13 0.819 
Th <DL <DL <DL <DL <DL <DL 
U 2.05 <DL 0.567 <DL <DL <DL 
ICP-OES AMP-LM1 SB-LM1 SH-LM1 AMPc SBc SHc 
Analyte ug/L ug/L ug/L ug/L ug/L ug/L 
Ba 246 BDL 2098 179 67536 237096 
Ca 2352903 2355903 2076903 2176903 2111903 1460903 
Na 7456680 14128680 34698680 7631680 13708680 36668680 
Sr 192798 77658 380298 369298 473598 465398 
Zn 2131 14730 9554 48 354 40 
 
 
 
 
